To examine how salinity and nutrient supply interact to control phytoplankton community composition, nutrient limitation, and dinitrogen (N 2 ) fixation rates in the Great Salt Lake (Utah, USA), we conducted a series of bioassay experiments with plankton from both Gilbert Bay, where salinities are near 160 g·L -1 , and Farmington Bay, where salinities range from 10 to 90 g·L -1 . Six-day nutrient addition bioassay experiments showed that the extant phytoplankton communities in both bays were limited by nitrogen (N). However, in 28-to 30-day factorial bioassay experiments in which both salinities and nutrient supply were manipulated, phosphorus stimulated chlorophyll a as much as 500% when salinities were less than 70 g·L -1 and N 2 -fixing cyanobacteria were present. At salinities greater than 70 g·L -1 , or with additions of combined N, N 2 fixation ceased. When N 2 -fixing cyanobacteria were absent, the plankton community was routinely N-limited regardless of salinity. The results of these experiments suggest that nutrient limitation of phytoplankton communities may change depending on salinity levels, because salinity controls whether N 2 -fixing cyanobacteria will be present in the phytoplankton community. Therefore, both salinity and nutrient supply must be considered when making water quality decisions for hypersaline systems such as the Great Salt Lake.
Introduction
Nitrogen (N) is believed to control primary production in estuaries, coastal oceans (Paerl 1996) , and most saline lakes (Javor 1989) , whereas phytoplankton growth in fresh waters is thought to be more frequently limited by phosphorus (P). However, many bioassays and whole-lake experiments have shown that N is limiting in lakes and streams as frequently as P (Elser et al. 1990; Francoeur 2001) . Schindler (1977) argued that N should never limit production in lakes because dinitrogen (N 2 ) fixing cyanobacteria should be able to make up N deficits so that P becomes the limiting nutrient. Consequently, the question of N versus P limitation can be restated to ask what factor(s) limit N 2 fixation in aquatic systems (Vitousek and Howarth 1991) . Despite its importance, the factors that limit N 2 fixation in both fresh and saline waters are poorly understood (Vitousek et al. 2002) . In some saline systems, iron or molybdenum supplies (Howarth and Cole 1985; Evans and Prepas 1997) or zooplankton grazing coupled with low cyanobacterial growth rates may be important, but it is unclear how broadly applicable these control mechanisms are. Salinity and P concentrations are important control mechanisms on cyanobacterial growth, toxin production, and N 2 fixation in the Baltic Sea and elsewhere (Lehtimäki et al. 1997) . Interactions between these different factors may be important for controlling N 2 fixation and cyanobacterial abundance in hypersaline systems such as the Great Salt Lake (Utah, USA).
Previous bioassays have indicated that plankton in the main basin of the Great Salt Lake are N-limited (e.g., Stephens and Gillespie 1976; Wurtsbaugh 1988) , but the factor(s) controlling N 2 fixation, and thus perpetuating N limitation, are not understood. In the Baltic Sea, Lehtimäki et al. (1997) found that the same factors (salinity, temperature, light flux, and phosphate concentration) favored both growth and N 2 fixation by one cyanobacterium species. Salinity controls on growth and N 2 fixation by cyanobacteria have been reported by others (Fernandes et al. 1993; Pinckney et al. 1995 ; but see Moisander et al. 2002) , and some argue that increasing the sulfate (SO 4 2-) content of the water inhibits molybdenum (Mo) uptake and, consequently, N 2 fixation by cyanobacteria (Howarth and Cole 1985; Marino et al. 2002) . However, Wurtsbaugh (1988) found that lowering the ratio of SO 4 2-to Mo did not stimulate planktonic growth or N 2 fixation in the Great Salt Lake. Evans and Prepas (1997) argue that high salinities (or alkalinities) inhibit iron uptake and thus restrict N 2 fixation. Recently, Mills et al. (2004) performed bioassay experiments indicating that low iron and P supplies simultaneously limit N 2 fixation in the ocean. Despite these advances, the factor(s) controlling plankton growth and N 2 fixation in hypersaline systems remain elusive.
The Great Salt Lake experiences variable salinity both spatially and temporally as a result of human-constructed causeways and seasonally fluctuating freshwater inputs. Variable salinities, coupled with heavy nutrient loading into one of the bays, provided an opportunity to study how salinity and nutrient supply interact to control phytoplankton nutrient limitation. We conducted laboratory experiments to determine whether N or P control phytoplankton growth and N 2 fixation at a variety of salinities found in the Great Salt Lake. The goal of these experiments was to determine whether nutrient limitation of phytoplankton production changes at different salinities and, therefore, which nutrients should be the focus of management to control eutrophication in the Great Salt Lake.
Materials and methods

Study area
The Great Salt Lake is a 5180 km 2 closed-basin lake in Utah, USA (Fig. 1) , and during our study, the mean lake depth was near 5 m. Because of its shallow morphometry, the size of the lake can increase or decrease markedly with climatic fluctuations. The lake has been highly impacted by the construction of causeways that divide the system into three large bays. Gunnison Bay (2520 km 2 ), located in the northwest area of the lake (Fig. 1) , has salt concentrations between 280 and 300 g·L -1 . Gilbert Bay (2400 km 2 ), in the central portion of the lake, has salinities typically between 120 and 180 g·L -1 and supports a thriving brine shrimp population. Farmington Bay (260 km 2 ) is very shallow and the mean depth was <1 m during our study. It is bordered on its eastern and southeastern shores by the greater metropolitan area of Salt Lake City. Farmington Bay receives a large portion of the fresh water flowing into Great Salt Lake via the Jordan River and sewage canals and therefore also receives a large portion of the nutrient loading to the lake. Wetlands at the southern end of the bay intercept and process an undetermined portion of the nutrients, but nutrient loading rates to the bay remain high. Phytoplankton chlorophyll a levels in the bay usually exceed 100 µg·L -1 and sometimes exceed 500 µg·L -1 . Secchi depth transparencies are normally near 0.2 m. Salinity in Farmington Bay is highly variable, ranging from 5 to 100 g·L -1 depending on annual climate variations and lake elevation. The phytoplankton community in the Great Salt Lake is highly variable, depending on ambient salinities. At salinities between 5 and 50 g·L -1 , the phytoplankton community is sometimes dominated by the N 2 -fixing cyanobacteria Nodularia spumigena. At higher salinities, the phytoplankton community is a mix of diatom and green algal species, most notably Dunaliella viridis (Carter 1971; Rushforth and Felix 1982; Stephens 1990 ). 1 . Map of the Great Salt Lake (Utah, USA; see inset) showing the location of the major bays. This study was conducted in Farmington Bay (salinity 10-100 g·L -1 ) and Gilbert Bay (salinity 150-170 g·L -1 ). Automobile and railroad causeways separate Farmington Bay and Gunnison Bay, respectively, from Gilbert Bay. Breaches in the west ends of each causeway allow limited bidirectional exchanges of water between the bays. Hatched area indicates the greater Salt Lake City population area. WTP identifies the locations of wastewater treatment plants that discharge directly into Farmington Bay.
Simple bioassay design
A series of four simple bioassays was conducted to evaluate the extant nutrient status of the phytoplankton communities (Table 1) . Water was collected either from the central region of Farmington Bay or from its northern shore in November 2003 when low water levels prevented boat access. Additionally, water was collected in Gilbert Bay on 29 August 2003 to compare nutrient limitation between the two bays of differing salinity. Water was collected with an 8 L horizontal Van Dorn bottle from 0.5 m depth and transported to the laboratory in 10 L polyethylene containers.
In the laboratory, macrozooplankton were removed by filtering through 153 µm netting, and twelve 800 mL aliquots of water were randomly distributed into 900 mL glass jars with plastic lids. Jars were randomly assigned to four treatments with three replicates each: control (C), + nitrogen (N), + phosphorus (P), and + nitrogen + phosphorus (NP). Concentrations added to the treatments were 100 µmol·L -1 N (as NH 4 NO 3 ) and 6.5 µmol·L -1 P (as Na 2 HPO 4 ). Jars were then placed randomly in a temperature-controlled incubation room at 20°C, with light intensities of approximately 150 µmol photons·s -1 ·m -2 and an 18 h light -6 h dark photoperiod. Experiments lasted 6 days. Jars were agitated twice daily and re-randomized once daily to ensure even irradiance. Each jar was sampled for N 2 fixation and chlorophyll a after 3 and 6 days to examine phytoplankton responses to enrichment. Phytoplankton community composition was sampled only after 6 days.
Factorial bioassay design
We conducted four factorial bioassays in which nutrient and salinity levels were manipulated simultaneously (Table 1) . Water was collected as above from the same sites. Salinities were manipulated in the source water from a low of 10 g·L -1 , where cyanobacteria thrive, to 130 g·L -1 , where we hypothesized that cyanobacteria, and therefore N 2 fixation, would be absent (Table 1) . To change salinities, an aliquot of source water was diluted with either deionized water or saline water (made with NaCl and MgSO 4 in a 7.8:1 ratio in deionized water) to provide the desired salinities. The same aliquot volume of source water was used in all the salinity treatments of each experiment to ensure that the same initial amount of phytoplankton biomass was present in each nutrientsalinity treatment. These volumes varied between experiments depending on the salinity of the source water, which ranged from 15 to 170 g·L -1 (Table 1) . Because these salinities varied widely, the proportion of source water placed into each jar also varied widely to achieve the target salinities, i.e., much less 170 g·L -1 source water needed to be used than 50 g·L -1 source water, if our maximum target salinity was 110 g·L -1 . In all experiments, the water was filtered in the laboratory through 153 µm netting to remove macrozooplankton, and the aliquots were placed in 900 mL glass jars. Jars were randomly assigned to salinity treatments, and the aliquots were diluted to 800 mL using deionized water or saline water to reach the desired end salinity. Salinity was measured after mixing with a refractometer. Additionally, 2.3 mL of supplementary inocula water from low-salinity sites in Great Salt Lake and surrounding wetlands and from a high-salinity site in Gilbert Bay was added to each jar to insure that a variety of phytoplankton with different salinity tolerances were present at the start of the experiment. The jars within each salinity treatment were randomly assigned to three nutrient treatments: control (C), + nitrogen (N), and + phosphorus (P). Each salinity-nutrient combination had three replicates. Jars were enriched with nutrients, incubated, and agitated as described for the simple experiments. The four factorial experiments lasted 28-30 days and were sampled approximately every 7 days for N 2 fixation and chlorophyll a. Phytoplankton community composition samples were collected on the final day of the experiment. A final short-term factorial bioassay experiment (experiment I) was conducted in May 2005, when a large bloom of N. spumigena was present in Farmington Bay. The goal of this experiment was to look at salinity tolerance of N 2 fixers present in the bay at that time. We chose to use a large number of salinity treatments for this experiment to allow a finer determination of the salinity at which N 2 fixation ceased ( Table 1) . Because of the larger number of salinity treatments, we reduced the nutrient treatments to only a control and P enrichment and used only two replicates per salinitynutrient combination. Experiment I lasted 6 days and was sampled on days 1, 3, and 6 for chlorophyll a and N 2 fixation. This experiment was terminated after 6 days because visual observations indicated that the phytoplankton community had changed drastically by day 6 (color change from green to brown; senescence visually obvious).
Sample analysis
On sampling days, 50 mL aliquots of water were collected from each sample jar, placed in a 62 mL glass serum vial, and sealed with a septum for N 2 -fixation analysis. N 2 fixation was measured using an acetylene reduction assay (Stewart et al. 1967; Flett et al. 1976) . Once in the serum vial, assay samples and standard vials with deionized water were injected with 4 mL of acetylene, agitated for 1 min to evenly mix gas between the water and vapor stages, and incubated for 2 h in the incubation chamber in which the bioassay was conducted. The standard vials were also injected with known concentrations of ethylene so that a standard curve could be constructed. At the end of the incubation, vials were again agitated and gas samples were collected in cleaned, re-evacuated 3 mL Vacutainers ® . Ethylene and acetylene in each sample were measured within 2 months using a SRI 8610 gas chromatograph (SRI Instruments, Torrance, Calif.) with a Poropak T column (Waters Associates, Milford, Mass.) and a flame ionization detector. Ethylene concentration was converted to amount of N 2 gas fixed using an assumed 4:1 molar ratio (Postgate 1998 ).
An index of phytoplankton biomass was estimated using chlorophyll a analysis. An aliquot was removed from the serum vial after termination of the acetylene reduction assay and filtered through a 25 mm Millipore AP 40 glass fiber filter with a nominal pore size of 1.0 µm. The filter was wrapped in foil and immediately frozen to prevent sample degradation. Within 30 days of sample collection, filters were extracted in 95% ethanol, and chlorophyll a concentration was measured fluorometrically using a nonacidification technique with a Turner 10-AU fluorometer (Turner Designs, Sunnyvale, Calif.; Welschmeyer 1994) .
Phytoplankton were collected from one replicate of each treatment at the beginning and end of each experiment.
Approximately 40 mL of sample was preserved with 3% Bouin's solution (80% formaldehyde, saturated with picric acid; 20% glacial acetic acid) or with 3% formalin. Phytoplankton cell density was determined by settling in Utermöhl chambers and counting on an inverted Olympus microscope at 1000× (Wetzel and Likens 2000) . Phytoplankton were identified to the lowest taxonomic group possible (usually genus or species) using Felix and Rushforth (1979) . Length and width measurements were made on 10 individuals of each taxa, and biovolume was calculated using equations from Hillebrand et al. (1999) .
Data analysis
Results were analyzed both as simple treatment responses and as responses relative to controls. Percent of control responses were calculated using the following equation:
(1) percent of control treatment value
All statistical analyses were conducted with SAS (version 8e; SAS Institute Inc. 2000). For the simple bioassays, treatment effects on chlorophyll a and N 2 fixation were analyzed statistically using one-way analysis of variance (ANOVA, PROC GLM, factor = nutrient). Results were analyzed for the final day of the experiment, with the exception of experiment 2, where very different responses were observed on day 3 and so both days 3 and 6 were analyzed. Significance was determined using Bonferroni-adjusted p values, where α (set at 0.05) was divided by the number of tests (n = 6 for simple bioassays; Zar 1999). Biovolume was not analyzed statistically because only one replicate was counted per treatment. Post-hoc Tukey's Studentized range tests were used to compare treatments. Factorial bioassays were analyzed using three-way, repeated-measures ANOVA (PROC MIXED, factors = treatment, salinity, repeated = date) for chlorophyll a and N 2 fixation. Five repeated-measures models with different covariance structures were fit to the data sets before selecting the model with the lowest Akaike's information criterion (AIC) value and least parameters. Degrees of freedom (df) were calculated in PROC MIXED using the KenwardRoger method, which permits decimal df values. When necessary, transformations were applied to the data to meet the ANOVA assumptions that the residuals had a mean and standard deviation of zero and were normally distributed. A range of transformations was applied and the most appropriate for meeting the assumptions was selected, usually log or cube root. Significance was again determined using Bonferroniadjusted p values (n = 4 for factorial bioassays; Zar 1999).
Results
Simple bioassays
Similar responses to nutrient additions were obtained in all four simple nutrient addition experiments. For simplicity, the results of experiment 2, where nutrient limitation was measured in both Farmington and Gilbert bays, will first be discussed and then related to results observed in all of the simple bioassays.
In experiment 2, initial chlorophyll a concentrations in Farmington Bay water were extremely high (>350 µg·L -1 ; Fig. 2a) . Nevertheless, chlorophyll a increased significantly within 3 days when N or NP was added to the cultures, indicating strong N limitation of the phytoplankton community ( Fig. 2a ; Table 2 ). However, by day 6 of the experiment, the response had subsided, which was unusual among all of the short-term bioassays (Table 2) . In Gilbert Bay, initial chlorophyll a levels were much lower than in Farmington Bay, but a significant response to N and NP was also evident after 6 days ( Fig. 2b ; Table 2 ).
Responses of phytoplankton biovolume to nutrients were not as striking as the responses of chlorophyll a during experiment 2. In treatments utilizing Farmington Bay water, the greatest biovolume was observed in the NP treatments and was dominated by the chlorophyte Carteria sp., with additional biovolume contributed by Dunaliella salina, D. viridis, and Oocystis sp. (Fig. 3) . The N treatment stimulated the cyanobacterium Microcoleus sp. In contrast, little difference in biovolume was observed between the treatments in Gilbert Bay, all of which were dominated by the small D. viridis (Fig. 3) .
When the results from all of the simple bioassays are compared, it is clear that N and NP treatments routinely stimulated chlorophyll a (Fig. 4a) . In every experiment except experiment 2, N limitation was strongly indicated by chlorophyll a responses on day 6 (Fig. 4a) . Low, negative responses in chlorophyll a were usually observed in P treatments, although these differences were never significant. Generally, phytoplankton biovolume decreased relative to controls, except for small positive or negative responses in the NP treatments (Fig. 4b) . N 2 fixation showed very small and usually insignificant responses (Table 2) to nutrient additions in the simple bioassay experiments, and rates were routinely near or below the level of detection of the acetylene reduction assay used (Fig. 4c) . The lack of N 2 -fixation Table 2 ) indicated significant nutrient effects in Farmington Bay on day 3. In Gilbert Bay, a nutrient effect was significant by day 6. Asterisks (*) indicate treatments that were significantly different than controls as determined by a post-hoc Tukey's Studentized range test. Control, diamonds; nitrogen, squares; phosphorus, triangles; nitrogen + phosphorus, circles. Note: Bold type indicates Bonferroni-adjusted significance, p < 0.008. ND indicates that F ratio and p value could not be determined because every value was zero for all treatments and replicates.
*Although this was significant, the nitrogen-fixation rates here were actually very low and near the detection limit of the measurement technique. responses in these short-term assays was expected, given that few, if any, N 2 -fixing taxa were present (e.g., Fig. 3 ).
Factorial bioassays
Very different results were obtained between the four longterm factorial bioassay experiments. Again for simplicity we will first discuss the results of a single experiment (experiment B), where we observed interesting responses to nutrient and salinity treatments, and then relate these to results from all the factorial bioassays.
In experiment B, there were short-term responses to N additions, but in the long-term, the plankton responded primarily to P additions ( Fig. 5a ; Appendix A). In the lowest salinity (10 g·L -1 ) treatments, there were only small responses of chlorophyll a to the nutrient treatments (Fig. 5a) . N stimulated chlorophyll a production after 9 days only in the 70 g·L -1 salinity treatment (Fig. 5d) . However, after 30 days, P stimulated chlorophyll a above control treatments in the 30, 50, and 70 g·L -1 salinity treatments (Figs. 5b-5d) . A three-way repeated-measures ANOVA indicated a significant three-way interaction between salinity, nutrient, and day of experiment for chlorophyll a (Table 3) .
N 2 -fixation rates in this experiment were initially near zero, but rates increased both in the controls and particularly in P treatments during the long incubation (Figs. 5e-5h ). In the controls, N 2 -fixation rates increased most in the 10 and 30 g·L -1 treatments (Figs. 5e, 5f), with limited increases at 50 and 70 g·L -1 . At 10 g·L -1 salinity, peak N 2 -fixation rates in the P treatment were observed by day 15 (Fig. 5e ), but at higher salinities, the peak was delayed to day 23 (30 and 50 g·L -1 ; Figs. 5e and 5g) or day 30 (70 g·L -1 ; Fig. 5h ). The relatively high N 2 -fixation rate on day 30 in the + P, 70 g·L -1 salinity treatment was due to a high rate in only one of the three replicates. A three-way repeated-measures ANOVA indicated a significant three-way interaction between salinity, nutrient, and day of experiment for N 2 fixation (Table 3) . Cyanobacteria comprised 60%-80% of the phytoplankton biovolume in P treatments at all salinities on day 30 of the experiment (Fig. 6) . Nodularia spumigena, a N 2 -fixing taxon with heterocytes, was the dominant cyanobacteria. N additions suppressed N 2 fixation (Figs. 5e-5h) and cyanobacterial abundances (Fig. 6 ). When N 2 -fixation rates are normalized to the biomass of cyanobacteria on day 30 of the experiment, P stimulated N 2 fixation of cyanobacteria 98% above control levels, whereas N suppressed N 2 fixation 100% below control levels.
Salinity exerted an important control on N 2 fixation in all of the factorial experiments. When maximum N 2 -fixation rate measurements from the control and P treatments from all factorial experiments are combined, the results, although variable, indicate that maximum N 2 -fixation rates were relatively independent of salinity between 10 and 70 g·L -1 . However, little or no N 2 fixation was observed at salinities greater than 70 g·L -1 (Fig. 7) . In all four experiments, repeated-measures ANOVA indicated a significant three-way interaction between salinity, nutrient supply, and day that controlled both N 2 fixation and chlorophyll a (Table 3) . However, examining the mean N 2 -fixation rates from the experiments showed that the stimulatory response to P additions at low salinities observed in factorial experiment B was rare. Very small increases in N 2 fixation due to P addition were observed on day 28 in experiment A, days 14 and 21 in experiment C, and day 28 in experiment D (Appendix A). However, these increases only translated into a stimulation of chlorophyll a production by P in three salinity treatments in the first two experiments (experiment A, day 28, 30 g·L -1 ; experiment B, days 23 and 30, 30 and 50 g·L -1 ; Appendix A). These increases were all concurrent with a response of N 2 fixation to P. However, in a majority of the salinity treatments less than 70 g·L -1 , there was no stimulation of N 2 fixation by P, and N limitation of chlorophyll a was routinely observed. In (Table 1) shown are, from left to right, 1, 2 Farmington Bay, 2 Gilbert Bay, 3, and 4. An asterisk (*) indicates the treatment response was significantly different from the control value in (a) and (c). Significance was assessed using a one-way analysis of variance for nutrient treatment followed by a post-hoc Tukey's Studentized range test; test statistics are shown in Table 2 . No replicates were analyzed for biovolume measurements shown in (b), so treatments could not be compared statistically.
each of these instances, there were no cyanobacteria with heterocytes observed at the end of the experiment, indicating that N 2 fixation could not occur to facilitate the switch from N to P limitation because of the lack of N 2 -fixing taxa. At salinities greater than 70 g·L -1 , strong limitation of chlorophyll a by N was uniformly noted, with no stimulation of chlorophyll a by P in any instance (Appendix A).
In the short-term factorial experiment I, salinity exerted a very clear effect on both chlorophyll a and N 2 fixation (Fig. 8) . In this experiment, there was no significant difference in chlorophyll a and N 2 -fixation rates between the control and P treatments, indicated by repeated-measures three-way ANOVA (Fig. 8) . Chlorophyll a concentrations decreased in the salinity treatments greater than 50 g·L -1 through the duration of the experiment, while increasing in salinity treatments less than 50 g·L -1 (Fig. 8a) . N 2 fixation ceased at salinities greater than 60 g·L -1 on all days of the study, but continued at high rates at 20 and 40 g·L -1 salinities (Fig. 8b) .
Discussion
Nutrient effects on phytoplankton growth
Both the short-term bioassays and high salinity treatments in the factorial bioassays demonstrated that the extant phytoplankton populations in Farmington Bay and Gilbert Bay were typically N-limited. N limitation has been found in previous studies of Great Salt Lake phytoplankton. Stephens and Gillespie (1976) found that densities of D. viridis increased in response to N additions but not to P additions in laboratory cultures of Gilbert Bay water (salinity 135 g·L -1 ). Porcella and Holman (1972) also found a positive response of Dunaliella sp. to N and not to P when salinity in Gilbert Bay was near 160 g·L -1 . Wurtsbaugh (1988) tested Gilbert Bay water during high water years (1985) (1986) when salinities were 50 g·L -1 and found that chlorophyll a concentrations responded significantly to N additions, but only marginally to P additions in 8-day bioassays. Moreover, Javor's review (1989) of the literature on saline lakes indicates that phytoplankton production in most saline lakes is N-limited.
The phytoplankton in our experiments always responded to N additions within 3-8 days by incrementing chlorophyll a levels, often as much as 150%-250% above controls. Phytoplankton biovolume did not, however, respond consistently to the nutrient additions in the simple or factorial bioassays. A linear regression between biovolume and chlorophyll a from factorial bioassay treatments where both were collected revealed a significant but weak relationship (r 2 = 0.16, F [1, 37] = 6.5, p = 0.02, chlorophyll a µg·L -1 = 3.1 × 10 -6 × (biovolume µm 3 ·mL -1 ) + 9.2). This response has been described in other similar experiments in lake and stream ecosystems (e.g., Greenwood and Rosemond 2005 situations. However, increasing chlorophyll a per cell could also be a response to shading, either because our experimental light intensities were moderate or because of shading differences within each treatment. Chlorophyll a -biovolume ratios did not show a clear pattern related to treatment. However, without biovolume estimates from all sampling dates, it was difficult to uncover relationships using this ratio.
In most of the short-term bioassay experiments that have been conducted with Great Salt Lake water, P additions actually decrease phytoplankton abundances. A decrease in chlorophyll a and biovolume occurred as a result of P addition in our short-term bioassays, and it was also reported in those of Stephens and Gillespie (1976) and Porcella and Holman (1972) , but not in the assays of Wurtsbaugh (1988) . This decrease could be due to competition between phytoplankton and heterotrophic bacteria for P, as the latter are superior competitors for this nutrient (Brussaard and Riegman 1998) . The increased bacterial populations might then compete with phytoplankton populations for some other limiting nutrient, such as N. Although this mechanism has not been demonstrated in the Great Salt Lake, the potential that it may occur reminds us that the phytoplankton open-water community is a diverse, interacting assemblage of microbes and metazoans, and complex responses to experiments may be driven by these often ignored interactions.
Effects of salinity on N 2 fixation and N 2 -fixing cyanobacteria
Salinity exerted an important control on N 2 fixation in the long-term experiments and sometimes interacted with P to control N 2 fixation. Our results generally showed that N 2 fixation could occur up to salinities of 50-70 g·L -1 . These salinities were higher than levels found by Lehtimäki et al. (1997) and Mazur-Marzec et al. (2005) that restricted growth, N 2 fixation, and hepatotoxin production of Baltic Sea N. spumigena (<30 g·L -1 ). Pinckney et al. (1995) found that decreasing salinity from 90 to 45 g·L -1 significantly increased N 2 -fixation rates in a microbial mat dominated by Microcoleus chthonoplastes, which lacked heterocytes, and rates were increased approximately 75% by P addition to cultures held in the dark. Herbst (1998) found that the N 2 fixation by a benthic periphyton community from Mono Lake was decreased by nearly 50% when salinities increased from 50 to 100 g·L -1 , and rates were reduced by 90% at 150 g·L -1 salinity. Dubinin et al. (1992) reported N 2 fixation by M. chthonoplastes in salinities up to 150 g·L -1 , but in those experiments, the organism was grown at 60 g·L -1 salinity and only exposed to the higher test salinities for 6 h. Camacho and de Wit (2003) also noted P stimulation of N 2 fixation in M. chthonoplastes communities at 80 g·L -1 salinity. However, they indicate that N 2 fixation was more likely carried out by heterotrophic bacteria in the biofilm because M. chthonoplastes does not contain nitrogenase. It is also possible that low-salinity and anoxic microzones in biofilms allow N 2 fixation at salinities higher than those possible in Fig. 8. (a) Chlorophyll a and (b) nitrogen-fixation results from short-term factorial experiment I on the three sampling dates of the experiment. Note (i) how nitrogen fixation peaks later at higher salinities and (ii) how nitrogen fixation ceases on all days at greater than 60 g·L -1 salinity. Error bars are ±1 standard error. A three-way repeated-measures analysis of variance showed significant interactions between date and salinity on chlorophyll a (F [12,27.6] = 92.8, p < 0.01) and on nitrogen fixation (F [12,18.4] = 18.4, p < 0.01). There was no significant individual or interaction effect of nutrient treatment for either response, so results from the control and phosphorus treatments were combined for this figure. Day 1, diamonds; day 3, squares; day 6, triangles. Fig. 9 . Generalized relationship between phosphorus and salinity identifying domains where nitrogen fixation can or cannot occur in the Great Salt Lake, causing nutrient limitation of the phytoplankton community to vary between nitrogen and phosphorus limitation.
the homogenous water column. In our experiments, biofilms sometimes developed in the bottom of the incubation jars towards the end of the long-term experiments, but because we did not assay these communities, it is impossible to determine whether N 2 fixation was occurring in these mats. All of these results indicate that increasing salinity dramatically depresses N 2 -fixation rates in a variety of environments and are consistent with the responses to salinity observed in our experiment.
Salinity likely limits the survival and distribution of cyanobacteria in hypersaline lakes. A monitoring study of a salinity gradient in Farmington Bay in 1971 (Carter 1971) indicated that Nodularia sp. was usually not abundant in areas where salinities were greater than 70 g·L -1 but was abundant at lower salinities. Stephens (1990) noted that N. spumigena appeared in Gilbert Bay of the Great Salt Lake when salinities decreased to 60 g·L -1 during the mid-1980s. It is possible, however, that N. spumigena was primarily found in Farmington Bay and had advected into Gilbert Bay. A mesocosm study in Mono Lake examined the community composition of benthic periphyton mats at five salinity levels between 50 and 150 g·L -1
. The filamentous cyanobacteria Oscillatoria sp. only occurred in salinity treatments between 50 and 100 g·L -1 , and no other cyanobacteria species were present at any salinity (Herbst and Blinn 1998) .
Hypersaline conditions are stressful for all organisms because of the coupled effects of osmotic stress and ionic stress resulting from high concentrations of ions. Mackay et al. (1983) demonstrated that cyanobacteria that live in saline environments (both marine and hypersaline) have the ability to synthesize osmoregulatory compounds that permit growth in saline solutions. These compounds inhibit Na + influx into cells, in turn allowing cyanobacteria to tolerate saline conditions (Apte et al. 1987 ). More recent work has shown that N 2 -fixing cyanobacteria are more susceptible to ionic stress than to osmotic stress, and Anabaena species will cease N 2 fixation and decrease growth by 50% within 5 days of exposure to salinity stress (Fernandes et al. 1993) . This suggests that the salinity effects we see on N 2 fixation in Farmington Bay are likely a combination of salinity stress leading to (i) decreased N 2 -fixation rates and (ii) decreased growth and (or) death of N 2 -fixing cyanobacteria.
Salinity and nutrient interactions in Farmington Bay
The compiled results of all our factorial bioassay experiments suggest that given the salinities normally observed in Farmington Bay (<70 g·L -1 ), P can stimulate growth and N 2 -fixation rates of cyanobacteria, indicating that the phytoplankton community there is P-limited (Fig. 9) . In our experiments, this stimulation by P was certainly due to increased growth of cyanobacteria, but not always due to increased N 2 -fixation rates per cyanobacterial cell. When N 2 -fixation rates are normalized for cell biovolume, they range from 40% lower to 100% greater in P treatments than in the controls at salinities of <70 g·L , the phytoplankton community would remain N-limited, regardless of the P concentrations, because N 2 -fixing taxa are excluded from the phytoplankton community (Fig. 9) . This has clearly been illustrated in our experiments, where N limitation is always observed at salinities greater than or equal to 70 g·L -1 , and cyanobacteria are usually absent from the phytoplankton community. If nutrients were to be controlled to reduce eutrophication in Farmington Bay, the expected salinity levels would thus need to be incorporated into the decision process. At low salinities (approximately <70 g·L -1 ), P may need to be controlled. At higher salinities, N control would be appropriate (Fig. 9) .
It should also be noted from our results that P limitation of phytoplankton communities was not always observed at low salinities, because cyanobacteria were not always present in our low-salinity treatments. It is possible that this occurred because in some of the assays there may not have been sufficient N 2 -fixing cyanobacteria available in the initial water or in the inocula added. Although we added plankton from a variety of salinities, it was not always possible to find waters of intermediate salinities that could contain salt-tolerant N 2 -fixing species such as N. spumegina. It is also possible that appropriate organisms were present in the inocula, but that N 2 fixation and (or) cyanobacterial growth was limited by factors other than P, such as trace elements (Howarth and Cole 1985; Evans and Prepas 1997) , grazing , temperature (McQueen and Lean 1987; Marcarelli and Wurtsbaugh 2006) , and light (Lewis and Levine 1984) .
Light limitation of N 2 fixation may be particularly important in Farmington Bay because light penetration is low as a result of eutrophic conditions. Therefore, photosynthesis by cyanobacteria may be light-limited, leading to a lack of energy to carry out the energetically expensive N 2 -fixation reaction (Lewis and Levine 1984) . Some cyanobacterial taxa are adapted to low-light conditions. However, N. spumegina, at least in the Baltic Sea, prefer greater irradiances (45-155 µmol photons·s -1 ·m -2 ) than other cyanobacteria taxa (Lehtimäki et al. 1997) . In Farmington Bay, this light intensity only penetrated, on average, to 0.5 m in the water column during the summer of 2005, suggesting that growth and N 2 fixation of N. spumegina would have been light-limited in approximately 50% of the water column. However, on several occasions in 2005 we observed floating surface scums of N. spumegina, suggesting that this taxa may be able to outcompete other phytoplankton taxa for light, leading to a further growth advantage in Farmington Bay under low-salinity conditions.
Laboratory bioassays also have limitations, and field experiments are needed to unequivocally determine nutrient limitation in Farmington and Gilbert bays. Laboratory assays impart controlled conditions on the microbial communities, thus simplifying environmental variables and the interpretation of results. However, these assays also modify the environment so that experimental artifacts could occur. For example, we removed macrozooplankton (primarily brine shrimp) from the assays, but we did not remove microzooplankton. Consequently, grazing and nutrient recycling by zooplankton was not the same in the assays as in the lake, and this could alter the response to nutrients. Additionally, the jar experiments we used do not evaluate nutrient cycling between the benthic sediments and the water column, which can have important implications for the relative balance of N and P limitation in lakes (Levine and Schindler 1992) . Consequently, to determine whether nutrient control is an appropriate management strategy for Farmington Bay, field experiments in limnocorrals or shore-based mesocosms should be used to study nutrient limitation under more natural conditions.
In conclusion, our laboratory experiments showed that under the high-salinity conditions typical in the Great Salt Lake, N limited phytoplankton growth, as has been suggested by previous researchers. However, when salinities were <70 g·L -1 , the N 2 -fixing N. spumegina can join the phytoplankton community, leading to high rates of N 2 fixation and shifts of the phytoplankton community from N to P limitation. If nutrients were to be controlled to reduce eutrophication in Farmington Bay, the expected salinity levels would thus need to be incorporated into the decision process. This knowledge is particularly relevant as interest in improving water quality in the Great Salt Lake is currently growing, and potential management plans may examine scenarios such as breaching causeways to increase water, salt, and nutrient circulation. Interactions between these factors, including salinity and nutrient supply, will increase the difficulty associated with predicting the impacts of different management approaches. To that end, our experiments may help predict the interacting impacts of salinity and nutrient supply on eutrophic conditions in hypersaline systems, including the Great Salt Lake. 
